Confinement of a nematogen in submicrometer cavities can produce substantial effects on the nematic-isotropic phase transition and on order and orientation of the nematic phase. We combine the methods of 13 C-and 1 H-NMR and broadband dielectric spectroscopy to probe liquid crystalline order and molecular mobility. We find that the dynamics of mesogenic molecules (5CB) in the free volume of nanoporous sol-gel glass (5nm pore diameter) is as fast as in the free bulk phase. In addition, a boundary layer of molecules with reduced mobility covers the pore walls. Isotropicnematic transition as well as crystallization of the confined nematogen are considerably suppressed. In order to extract the temperature dependence of the nematic order parameter from NMR data, a mathematical model is applied which describes the combined influences of orientational order and diffusional averaging in randomly oriented pores on NMR spectra of the nematogens.
INTRODUCTION
During recent years, the physics of micro-and nano-confined nematic liquid crystals has become an attractive topic of research. The high surface to volume ratio in porous materials permits studying the surface interactions of nematogens, in particular aligning properties of the surface material on the confined molecules [1, 2] . Furthermore, the confining cavity sizes can influence the temperatures [3, 4] and the very character [5, 6, 7] of phase transitions in the confined material. New thermodynamic phases can be induced or bulk phases suppressed in the confining geometry [8, 9] , and order and orientation of the confined liquid crystalline mesophases can be changed. Surface effects can induce or suppress nematic order and may lead to substantial spatial variations of the order parameter.
NMR has proved, among and in combination with other experimental methods, to be a very useful tool to probe order and dynamics in confined systems. [1, 10, 11, 12, 13, 14, 15, 16, 17, 18] Transverse and longitudinal relaxation, Overhauser effect or line shape analysis have been applied successfully in the past.
Studies of confined nematic phases have been performed, for example, in porous filters like Anopore and Nuclepore membranes [19, 20, 21] with relatively large but well defined and ordered pores, in polymer matrices (polymer dispersed liquid crystals -PDLC -) having well defined monodisperse spherical or ellipsoidal cavities [22, 23] (¡ 0.01-20µm), in various types of porous glasses (e.g. [2, 24, 25] ) having fairly well defined cavities with a narrow pore size distribution, and in silica gels and aerosil [6, 26, 27] characterized by cavities of irregular sizes and shapes.
The porous glass systems can be produced with definite pore diameters between a few nanometers up to several hundred nanometers and a narrow cavity size distribution. While in case of porous filters and PDLC a regular director configuration of the confined liquid crystal can be achieved, the pore network of the glass or aerosil systems is irregular and non-ordered. Different competitive effects of the confining geometry influence the formation of nematic order.
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For example, a surface induced nematic alignment can increase the nematic order in the cavities and tend to shift the nematic-isotropic phase transition to higher temperatures, and it may lead to quasi-nematic boundary layers even far above the bulk transition temperatures. On the other hand, the curvature of the cavity walls and steric effects may tend to suppress the nematic phase and induce a large number of defects in the director field. The surface and limited size effects may also change the type of isotropic-nematic transition from first order (bulk) to second order [28] .
In random porous media, conclusions on local molecular order from the measurement of macroscopic observables are not straightforward. The orientation of the nematic director in a system of disordered nanometer pores is determined by the geometry of the cavity walls (in the simplest cases either axial or radial to the pores). Magnetic or electric coherence lengths of the nematogen at reasonable field strengths are much larger than the cavity sizes. Therefore, the influence of external fields on the nematic alignment can be neglected. In contrast to the measurements in ordered porous materials [19] , classical NMR spectroscopic experiments yield disordered "powder" patterns, that is a superposition of random orientations of the local interaction tensors. Knowing the particular nuclear spin interactions of the nuclei under investigation (e. g. dipole-dipole coupling, chemical shielding or quadrupole coupling) the line shape of a stationary powder pattern is determined only by the order parameter S of the mesophase.
While NMR in general seems to be a well suited tool to probe molecular ordering, we have to face at least two difficulties in the NMR experiments: One problem is that the line broadening of NMR spectra in the disordered system can be caused either by a superposition of randomly distributed regions with local liquid crystalline order or by the slowing down of molecular mobility. That is, in the first case we have nematic orientational order on a microscopic scale, with fast molecular dynamics. The anisotropies of molecular or intramolecular properties are projected onto the local director axis by fast molecular reorientations (microseconds and less). Macroscopically, the orientation of these local symmetry axes is random. In the second case, a powder pattern may be observed when the molecular orientations are disordered on a microscopic as well as on macroscopic scale and reorientation rates are slow compared to the NMR time window. We can overcome this difficulty by analysis of accompanying dielectric spectra which are less suited to extract nematic order parameters but give good insight into the molecular dynamic processes.
A second problem arises from the relatively long observation time. Narrow NMR lines may indicate absence of local nematic order of the molecules but can be caused by motional averaging of locally ordered liquid crystalline domains as well, as is shown below. Translational diffusion of the molecules along the bent and disordered pore system will change the molecular orientation during the time of detection of the NMR signal (translational diffusion induced molecular reorientation [15] ). This leads to partial averaging of the nuclear spin interactions and reduction of NMR line splittings, similar to the effect of an apparently reduced order parameter. For example, if diffusion is rapid enough such that the molecules change their orientations very fast compared to the time of the Free Induction Decay (FID), the NMR experiment yields only an isotropically averaged spectrum whereas other spectroscopic methods with shorter time scales might still detect nematic order. When the diffusional averaging is in the time window of the NMR experiment, one can attempt to separate order parameter and diffusional averaging effects. We will present a theoretical approach to the 13 C line shape analysis including both phenomena, below. The calculations are based on a formalism much similar to the Andersen-Weiss model of motional averaging in solids. It is helpful to compare NMR spectra with different nuclear spin interaction mechanisms, as for example proton decoupled 13 C-NMR spectra which are governed by chemical shift, with 1 H-or 2 H-spectra of the same substance, or to compare chemical shift spectra at various spectrometer fields B 0 . Due to the different FID lengths, the averaging mechanism acts differently on these spectra and discrimination of the competing effects of diffusional averaging and local orientational order is facilitated.
The paper is organized as follows: In the next section we describe the investigated substances, sample preparation and experiments. The third section outlines the mathematical treatment of a partially diffusion averaged NMR powder spectrum. In the fourth section we describe the NMR investigations ( 13 C, 1 H) and the dielectric experiments which reveal insight into the molecular dynamics of the nematogen in confined geometry and discuss the results of both methods. Section 5 summarizes the results.
SAMPLE PREPARATION AND EXPERIMENTAL SET-UP
Controlled porous glass was obtained commercially from Geltech Inc., USA, with specific pore sizes of 2.5 nm, 5.0 nm, and 7.5 nm and a narrow pore size distribution. The material has macroscopic cylindrical shape (diameter 10 mm, height 10mm). The outer surface of the samples is negligible to the huge inner surface (520 m 2 /g -610 m 2 /g).
For the sample preparation, the porous glass is evacuated to 10 £ 5 mbar at 570 K for 24 h. With this procedure, we remove water and other volatile impurities. Afterwards, the pores are filled by capillary wetting during 48 h at a temperature of about 350K. The mesogenic substance was injected in the (closed) vacuum chamber by means of a syringe.
In the NMR experiments, we have investigated proton decoupled 13 C spectra with a Bruker MSL 500 spectrometer (B 0 ¤ 11¥ 7T) using the simple π ¦ 2 pulse sequence in the carbon frequency channel. Broadband proton decoupling is achieved by irradiation of 20ms rf decoupling pulses at the 1 H resonance frequency during sampling. Measurements were done in a temperature range of 260-320 K. The temperature was controlled to § 0.5 K. For the dielectric experiments, 0.2 mm thick disk slices were cut from the glass cylinders by means of a diamond string saw. The faces of these disks were covered with aluminium foil (thickness 800 nm) and subsequently the samples were mounted between the gold plated brass electrodes of the capacitor. Dielectric measurements were performed in the frequency range 10 £ 2 -10 9 Hz using a Solartron-Schlumberger frequency response analyzer FRA 1260 together with a Novocontrol active sample cell BDC-S (10 £ 2 Hz -3¨10 6 Hz) and a Hewlett Packard impedance analyzer 4191A (10 6 Hz -10 9 Hz). Temperature control was achieved with nitrogen gas providing a stability better than § 0.05 K. The mesogen used in the experiment (without further purification) was the commercial nematic liquid crystal 4-n-pentyl-4'-cyanobiphenyl (5CB, Merck). Its clearing point is T NI =35 © C . 13 C-NMR studies have been extensively performed with this substance and 13 C chemical shielding tensor data are well known (e.g. [29, 30, 31] ). The substance has 13 non-equivalent carbon positions. In Figure 1 , we show the chemical structure of 5CB together with our notation of the carbon positions.
NMR THEORY
In the proton decoupled 13 C-NMR spectra, the line shapes and positions are dominated by the chemical shift. Interactions with the hydrogen spins are decoupled by rf irradiation at the proton resonance channel, and interactions between neighbouring 13 C spins can be neglected because of the rare abundance ( 1%) of the 13 C isotope. We consider the resonance frequency of a single carbon site k in the molecule to be determined by its chemical shielding tensorσ k and rule out all other interactions in the following calculations, combining their remainders in a convolution function L ω .
In its molecular fixed principal axes frame, each chemical shielding tensor has in general the three independent principal values σ 
The resonance frequency ω k for a single carbon site in the nematic phase depends upon the local director orientation angle Φ with respect to the spectrometer field B 0 (see Fig.2 ) :
125¥ 8MHz is the carbon Larmor frequency (all chemical shifts will be given with respect to the reference TMS throughout the following text). ω k a is determined by the anisotropy and orientation of the chemical shielding tensor in the molecule and on the nematic order. Only two independent non-zero components of the Saupe order tensor have to be considered in the uniaxial nematic phase. In fact, it turns out that in the bulk nematic sample, the temperature dependencies of all carbon lines can be scaled in such a way with satisfactory accuracy ω
We will therefore neglect contributions of transverse ordering (D 0) and identify the scaling factor S T a s the nematic order parameter S ¤ 3 2 cos 2 Θ ! 1 2 where the bar denotes time averaging and Θ is the momentary angle between the long molecular axis ξ and the director axis Z (Fig. 2) . This is of course only an approximation since the individual chain segment order parameters may differ from the core order, and also a non-zero transverse order parameter D might contribute to ω k a to a small extent. These effects bring about that the ω k A listed in Table 1 are not exactly identical with the anisotropy of the molecular tensors σ k ξξ ! σ iso but in particular for the chain sites represent comfortable scaling factors. For a detailed analysis see for example the work of Guo and Fung [31] . In turn our approximations may lead to a minor absolute rescaling of the order parameter when Eq.(2) is used to extract S with known ω k A . Whereas the ratios of the individual ω k A are found immediately from the analysis of isotropic and nematic spectra, the absolute values of the ω k A cannot be measured directly by 13 C-NMR but are obtained by scaling experimental chemical shift anisotropies with order parameters known from other experiments (often the order parameter is obtained from 1 H-NMR spectra),
In bulk samples of sufficient size, the large NMR spectrometer field usually aligns nematics with positive susceptibility anisotropy χ a . Then, Φ 90© (see the bottom spectrum in Fig. 3a ). The width of the powder pattern as well as the shift of the singularity from the isotropic position both increase with increasing S and can be taken as a direct measure of the order parameter. In absence of diffusional averaging, the FID yielding the powder pattern Eq. (3) is
where the phase φ ¤ ωt is a deterministic quantity. Unfortunately, this holds only for the static spectrum, i.e. when the average molecular orientation remains fixed during the time of the recording of the Free Induction Decay (FID). While the director field in the random pore system can be considered static, molecular diffusion has long been revealed to be important for the form of the NMR signal when the director field is not homogeneous (see e.g. [32, 33, 34, 35, 22, 15, 25, 16] ). In general, molecular reorientation induced by diffusion between regions of different director orientation leads to an averaging towards the isotropic spectrum. The relevant time for such molecular rearrangements is roughly of the order of τ D l 2 ¦ 2D where D is the diffusion coefficient of the nematogen and l is a characteristic length of director distortions, i.e. the mean straight path along a pore. As the cavity network is irregular, one cannot perform a straightforward calculation of the diffusion effects as for example in twisted cholesteric bulk phases [32, 33, 34, 35] or regular spherical droplets [16] . For example, even if we assume that the local director alignment is always along the pore axes, we need at least the diffusion constants, which need not coincide with the bulk value and even can be time-dependent in a distorted director field (see e.g. [36] ), and we need additional information on the exact geometry of the pore system. There are, however, two helpful properties that facilitate the task of separating the diffusion effects. First, we can safely assume that the diffusion constant is thermally activated (with approximately 40kJ/mole in the bulk). The characteristic time τ D in a sample is expected to be temperature dependent via the diffusion coefficient D only and should therefore change by a factor of 0¥ 95 every 1K temperature step. Second, the individual carbon lines have very different chemical shift anisotropies and thus the FID times which are indirect proportional to the line splitting of the powder pattern differ by more than a factor of 10. Diffusional averaging will be more effective for carbon sites with small chemical shift anisotropy than for those with large anisotropy.
All motions of the mesogenic molecules transverse to the pore axes, including the dynamic exchange with the molecules directly attached to the pore walls (see discussion of the dielectric spectra), are much faster than the NMR observation time. Therefore, we can expect that only an average orientation and order parameter taken over the pore cross section will be effective in the NMR spectra. Irrespective of the fact that the order parameter may have a strong radial dependence in the pores, we find only the average value, and so do 2 H-NMR and 1 H-NMR, too. Diffusing along the pore axis, a molecule passes domains of different director orientations, following bends and crossings of the channels. Thus, the resonance frequency of a carbon spin becomes time dependent and the phase φ in Eq. (4) consequently becomes a stochastic variable. The equation for the FID then reads
with P being the normalized probability density of the phases at time t. In principle, there are at least three different approaches to calculate the FID according to Eq. (5) under the influence of a stochastic diffusion process. One can perform a numerical MC simulation of the spectra with an ensemble of particles, which is rather time consuming and inefficient. One can try to solve the diffusion equation exactly in a model geometry, or one can introduce some simplifying assumptions and try to find an approximate analytical expression. In view of the fact that the NMR spectrum will be rather insensitive to the individual diffusion steps (one observes the total of a large ensemble) but will essentially depend upon the characteristic time of these steps, we introduce a simple jump model. For short times, proceeding along a straight section of the nanometer channels, the molecule is assumed to maintain its average orientation, and with correlation time τ D it reaches a bend or junction of channels and changes its orientation into a new random direction of another domain of the director field. When diffusion is fast, this model will reproduce the averaging effects quite well. The model is certainly less accurate for the description of details in the line shape when diffusion is very slow and molecular orientation remains strongly correlated during the FID.
A model for the calculation of motional averaging in solids has been developed, for example, by Anderson and Weiss [37] . We use an approach proposed by Schmiedel and coworkers [38] which describes motional averaging of a stationary spectrum under the assumption that the molecular rearrangements follow a Markoff process with a characteristic time τ D . The molecule is assumed to keep its initial average orientation Φ (the local director orientation) and to change into a new position with probability δt ¦ τ D in the infinitesimal time interval δt. Given the line shape of the rigid lattice and the Poisson jump process described above, we can write down the conditional probability density p ω 2
f or the momentary frequency ω 2 at time t 2 if the spin started with ω 1 at time t 1 . We follow the approach outlined in Ref. [38] : 
The distribution function P φ s t 6 i s given by its moments
For non-diffusing particles, φ s t ¤ ω s t, and Eq. (7) reduces to Eq.(4). For each spin starting with initial ω s , a sharp single line at ω s is observed. Now, with inclusion of the averaging mechanism, the moments 6 8 yields the normalization of the distribution density, i.e. the intensity of the line, the first moment reflects the mean frequency shift, and the second moment describes a broadening of the line of the carbons starting at ω s . In principle, this expansion can be extended to arbitrary moments of φ s to yield the exact shape of the distribution density P, the third moment for example describing an asymmetric broadening. In order to keep the formalism analytically treatable, the expansion is truncated and a Gaussian shape of P φ s t is assumed [38] that reproduces the correct first and second moments.
with ∆ 2 t ¤ 7
2 . Eventually, we obtain for the FID :
In Fig.3 , the influence of molecular motion and nematic order on the powder pattern line shape of a single line (ω iso 
EXPERIMENTAL RESULTS

13 C-NMR Experiments
In order to determine the shielding tensors of the 13 C-positions of the 5CB molecule additional experiments were performed in advance. The assignment of the isotropic line positions to the individual 13 C-nuclei was done by standard methods (attached proton test and HETCOR experiment) using a solution of 5CB in CCl 4 . For the peak assignment in the nematic phase we used ANOPORE membranes [39] filled with 5CB. ANOPORE membranes contain regular cylindrical pores and are known to orient the local director parallel to the pore axis [40] . We used membranes with 0.2µm pore diameters which is smaller than the magnetic coherence length Kµ 0 ¦ χ a B 2 1 0¥ 8µm (75MHz 13 C resonance frequency). Because of the small pore diameters the 5CB molecules do not reorient in the external magnetic field and the angular dependence of the nematic spectrum can be measured by variation of the angle between the filter surfaces and the B 0 field. Adjusting the membranes with their pore axes in the magic angle 54.7 © to the B 0 field, one can even perform a kind of MAS experiment without spinning the sample, taking advantage of the fast molecular reorientations about the director axis. The assignment of the nematic lines to the corresponding isotropic peak positions and to the 13 C-atoms according Eq. (1) is straightforward (c.f. Fig.4 ). All anisotropic chemical shifts in the nematic phase can be plotted in a master curve (Eq.(2)) yielding the temperature dependence of the order parameter S. The absolute scaling was performed with known order parameters from proton NMR. After that, the anisotropies of the individual shielding tensors ω A could be determined. The approximation of a single order parameter should be reasonable at least in case of the core carbons. In Table 1 , our results for the molecular shielding tensors are summarized, they are in good agreement with literature data [31] .
Knowing the relation between carbon chemical shifts and order parameter, we proceeded with an investigation of the 5CB filled glass samples. The temperature range of the experiments was chosen from 330 to 260K. In the 13 C spectra, no sharp phase transition temperature from the isotropic into the nematic state as in bulk samples could be detected, but a broad transition range (down to 300K) was observed. Figure 5 shows an example of an experimental 13 C-spectrum of a confined 5CB sample in the nematic phase together with an isotropic and an oriented nematic spectrum of a bulk sample of 5CB. For comparison, we have added a typical calculated stationary powder pattern which corresponds to a superposition of patterns f k 0 ω a ccording to Eq.(3) for the individual carbon lines and clearly differs in its shape from the spectrum measured in porous confinement. Fig. 6 shows a selection of carbon spectra of the confined mesogen at different temperatures. Even in the isotropic phase, all 13 C-NMR lines are broadened to about 1.2ppm in the porous material which is explained mainly by the B 0 -inhomogeneity (demagnetization effects in the non-regularly shaped glass sample). With decreasing temperature, continuously broadening line shapes are observed (c.f. Fig. 5d ). Experimental line shapes differ significantly from the stationary powder pattern as shown in Fig. 5c .
The following assumptions have been made to interpret the experimental spectra :
S
The "natural" line width due to field inhomogeneity does not change with decreasing temperature and is the same for both the molecular core and the aliphatic chain carbons.
The temperature dependence of the chemical shielding can be described using one common order parameter.
We take into account molecular reorientations mediated by translational motion inside the pores, the diffusion process is thermally activated.
The numerical two-parameter fit was performed by minimization of the least square function
using the method of conjugate gradients. In Eq. are the values predicted by the motional averaging model which depends on the parameters S and τ D . As it is difficult to discriminate the influences of order and diffusion at temperatures near the clearing point, the two parameters were fitted only for low temperatures (U 285K). For higher temperatures, the correlation times were extrapolated assuming an Arrhenius temperature dependence. The activation energy corresponding to the solid curve in Fig.7b is 60kJ/mol.
In Figure 6 , the temperature dependence of the carbon spectra is shown together with the fitted motionally averaged powder spectra. The order parameter S and the correlation time τ D which have been determined from the line shape fitting are summarized in Figure 7 . The quality of the fits is satisfactory, in particular, the positions and broadening of the aromatic carbons are reflected very well. Minor deviations in the line shape arise mainly from imperfect baseline and phase corrections of the relatively broad spectra at low temperatures. The fit of the aliphatic carbons is not as accurate. Note that we have assumed a common order parameter for all parts of the molecule which naturally overestimates the degree of chain ordering and leads to broader aliphatic peaks. Within our simple model, we have put more emphasis on the core carbons which are much more sensible to the order parameter because of the larger shift anisotropies.
Convergence of the numerical fits was stable with respect to initial values. The temperature curves of the resulting fit parameters are consistent and reasonable. The error bars extracted from the fitting algorithm of S T , in particular in the high temperature part, reflect the fact that diffusional averaging is already very effective at room temperature. The lower limit of S T i s more pronounced (diffusional averaging cannot increase the chemical shift anisotropy), and there is also a clear suppression of orientational order compared to the bulk (solid line in Fig. 7a) . At low temperatures ( 260K), order parameters comparable to the free phase are reached. Note, that the values of τ D could only be determined with an accuracy not better than a factor of 2. The χ 2 function minimum is quite flat in the direction of increasing τ D whereas the lower limit is very pronounced (compare Fig. 3) . But notwithstanding the limited accuracy of the individual data, a clear tendency in the temperature dependence is observed.
1 H-NMR-Experiments
Proton NMR is a competitive and quick method of determining orientational order parameters and we will compare the 13 C results with data from 1 H-NMR spectra. The line shape of proton spectra in the nematic phase is mainly determined by proton-proton dipolar interactions and chemical shift. The determination of order parameters can easily be performed from the dipolar splittings. It is preferable to use low B 0 fields to keep the chemical shifts small and to obtain nearly symmetric line shapes broadened by dipolar couplings in the nematic phase. With increasing Larmor frequency, differences in chemical shift between aromatic and aliphatic hydrogens reach magnitudes comparable to the dipolar couplings and the line shapes in the nematic phase become very asymmetric and are more difficult to interpret. 1 H-NMR spectra of the confined nematic in 5.0nm pores were taken at 100MHz. Figure 8 shows the temperature dependence of the proton spectra. At high temperatures, dipolar couplings average out. The isotropic spectrum consists of two lines, one comprises all aliphatic hydrogens and a second line, shifted by approximately 6ppm, contains the aromatic protons. The intensity ratio (11:8) reflects the number of chain and core hydrogens, respectively. B 0 inhomogeneities in the glass sample prevent a resolution better than 1ppm. With decreasing sample temperature, the two peaks broaden continuously as shown in the figure. Dipolar interactions which are averaged out in the isotropic phase become effective. The dipolar interactions depend on the order parameter and orientation angle Φ of the director by After having measured one oriented spectrum with known order parameter in the nematic bulk phase, we can calculate line shapes for different S and Φ, and we can also simulate stationary powder patterns F ΦV S ω for given order parameters S by
We have fitted experimental spectra of confined 5CB deep in the nematic phase to Eq. (12) to extract the order parameters. This approach neglects the influence of diffusion besides ignoring chemical shift contributions which do not scale with Eq. (12) . These approximations should be justified at low temperatures. Indeed, we find a very good agreement between order parameters deduced from 1 H and 13 C spectra, resp. (see Fig.9 ). Again, the contribution of the core (ortho ring protons) is significant.
In the vicinity of the N-I transition, where nematic order and dipolar couplings are small, we can use a different approach. As the short range dipolar interactions (pairs of nearest neighbours) are dominating, we treat the proton spins in the molecule as a system of two decoupled systems, namely the chain and aromatic protons. We describe the dipolar broadening by a Lorentzian convolution of the chain and core lines, resp. and fit the spectrum in the vicinity of the isotropic phase with two Lorentz lines of separation δω, widths ∆ω 1V 2 and intensities I 1V 2 . Their separation as well as the intensity ratio turns out to remain nearly constant while the convolution widths rapidly increase with decreasing temperature, indicating the gradual increase of nematic order (Fig. 10) . The broadening is much larger for the core protons than for the chains as expected. We do not claim to extract absolute order parameters from this qualitative procedure but we note that the start and principal temperature characteristics of nematic ordering, intuitively extracted from Fig. 10 , agrees well with the 13 C results.
The incorporation of diffusion effects in 1 H spectra is not as easily performed as for 13 C-NMR because the proton line shape is homogeneously broadened. The following consideration helps to understand why the 1 H powder spectra are much less sensitive to diffusion effects than carbon or deuterium spectra: In case of random jumps with correlation time τ D , the FID can be described by the integral equation
where g 0 t is the stationary FID, g t is the FID with jumps. Here we have multiplied the original FID with the probability that no reorientation occurred during time t and we have integrated the probabilities of a first reorientation at time t4 , with g 0 before and g after the jump. Without solving this integral equation we notice that its eigenfunctions (with eigenvalue 1) are the exponential functions. The corresponding Lorentzian lines are not narrowed by this reorientation process. This is of course correct only for the theoretical Lorentz line which has infinite extension and no second moment. However, the proton powder pattern has many features of a Lorentz line shape, in particular a very broad base. Therefore, the line narrowing influences of the reorientation process are expected to be much weaker than for example in the 13 C spectra described above or in 2 H-NMR.
Dielectric Experiments
Broadband dielectric spectra have been measured in the frequency range 10 £ 2 -10 9 Hz and the temperature range of 220-360K. The spectra are interpreted as a superposition of different dielectric processes and a conductivity contribution. We consider only the imaginary part of the dielectric spectrum. Phenomenologically, the dielectric loss ε 4 4
, is described by a superposition of empirical Havriliak-Negami equations:
where ∆ε is the dielectric strength and τ the mean relaxation time. The parameters α and β describe the deviations from a Debye like relaxation process and can be interpreted as a symmetric and asymmetric broadening, resp., of a distribution of the Debye relaxation frequencies. In the case of confined 5CB, three processes can be distinguished in the high temperature (isotropic) spectra (Fig.11a ) and four processes in the low temperature (nematic) range (Fig.11b) . Therefore, the total dielectric loss is given by
15)
The first term of Eq. (15) is the conductivity contribution which is caused by mobile charge carriers. The parameters ε 0 , and ∆ε are the vacuum permittivity, and the dielectric strength, respectively, whereas the exponent s describes deviations of the frequency dependence of the conductivity from Ohmic behaviour. In case of s=1, σ 0 denotes the DCconductivity. In the following discussion we neglect the slight broadening of the relaxation processes α U 1, β 1 and discuss the behaviour of the relaxation times which contain the most relevant information on molecular dynamics. In Figure 12 , the temperature dependence of the relaxation rates 1/τ k of the different dielectric processes is shown for both bulk and confined 5CB material. The assignment of the processes bases on previous investigations of 5CB in bulk and micropores [41] : The dipole moment of 5CB is roughly parallel to the molecular long axis. In the isotropic bulk phase (Ta 308K) one process is observed which is assigned to the isotropic reorientation of the molecular long axis. At the N-I phase transition, this dielectric process splits up into two contributions, one slower (Ib) which originates from 180 © flips about the molecular short axis and one faster (Ia) connected with the tumbling of the molecular long axis around the local director b n, respectively. The separation of processes (Ia,b) is an (although not very accurate) measure for the nematic order parameter. In case of confinement to porous glass, the same processes as in the bulk can be observed in the isotropic phase and deep in the nematic phase. This indicates that a large portion of molecules moves freely in the pores with roughly the same dynamics as in the bulk (except for a change in the nematic order parameter) and without experiencing confinement effects.
However, there is no sudden splitting of process (I) in (Ia,b) at the N-I phase transition. A smooth change from the isotropic into the nematic phase starts below the bulk phase transition. This is in good agreement with the NMR observations of a gradually increasing nematic order. Together with the observed relaxation process (Ib), the fast process (Ia) should emerge in the nematic phase. It is however not possible within our experimental resolution to separate this weaker process unambiguously in the high frequency wing of (Ib) as long as their splitting is not very pronounced. From a comparison of process (Ib) in the bulk and confined phases, resp., one can make some predictions on the behaviour of process (Ia) in the pores. We have marked its qualitatively expected temperature curve near T NI by a dashed line in Fig. 12 . At temperatures well below the bulk T NI , the faster process (Ia) in the high frequency wing of (Ib) is extracted unambiguously. It is also clearly seen that the nematic mesophase can be supercooled considerably below the crystallisation temperature of the bulk phase (294K). We did not observe crystallization down to 220K.
In addition to the processes which are already known from the bulk material, another process (II) is observed, retarded by almost two orders of magnitude and following almost the same temperature dependence as (I,Ia,Ib). The dielectric strength of (II) is smaller but still of the same order of magnitude as the first. We assign this process to partially immobilized molecules in a surface layer. One reasonable explanation could be that a certain fraction of molecules stick to the surface temporarily in a relatively rigid manner but exchange frequently with free molecules. Relaxation in the free volume is fast compared to the molecular exchange rate. In that case, the temperature dependent exchange rate would manifest in the relaxation rate of process (II). The existence of such surface layers with retarded molecular dynamics is well established for various other liquids in porous confinement (e.g. [2, 42, 43] ). Previous dielectric experiments of microconfined 5CB have been published by Aliev [44] , who also observed an additional dielectric process in the porous system compared to the bulk measurements.
The dielectric strengths of processes (I) and (II) can be taken here as a relative measure of the respective occupation numbers of the subsystems. Their ratio is roughly temperature independent and consistent with a monomolecular coverage of the pore walls.
The slowest process (III) in Fig. 12 , with much higher dielectric strength, is a Maxwell-Wagner polarization effect that originates from restricted motion of charge carriers in the cavities of the glass material. It is not relevant in our discussion of the dynamics of the mesogenic molecules.
Further details of the dielectric experiments have been reported in [45] . We have found that the dependence of the dielectric relaxation rates (I,Ia,Ib) and (II) upon the pore size is only marginal for three samples with 2.5nm, 5.0nm and 7.5nm average pore diameters.
DISCUSSION
The complementary information provided by nuclear magnetic resonance and dielectric spectroscopy can be combined to construct a model for the characterization of the confined mesophase. First we have noted from the dielectric spectra that the relaxation rates of processes (I,Ia,Ib) in the confined system describing molecular reorientation dynamics of the mesogens in the free nanometer pore volumes are comparable to the free phase. We find furthermore that all molecular reorientation processes observed dielectrically, including the surface layer relaxation (II), are fast on the NMR time scale. In Fig. 12 , the characteristic 'time window' of the 13 C-NMR experiments (given by the maximum splitting due to chemical shift anisotropy) is compared to the temperature dependent dielectric relaxation rates. The figure shows that all dielectric relaxation processes (except for the Maxwell-Wagner polarization process which is not relevant here) appear above the high frequency edge of this window, i.e. are much faster than the NMR Free Induction Decay. Consequently, NMR measures only the time average of the molecular orientations, reflected in the nematic order parameter. We can definitely exclude that the line broadening arises from static (frozen in) distributions of the molecular orientations. Iannacchione and coworkers have discussed in detail the theoretical predictions of a Landau-de Gennes theory of the nematic-isotropic phase transition in random nanometer pores [25] , including the spatial variation of the order parameter. However, neither the 2 H-nor 13 C-NMR experiments can resolve this spatial variation in the pore cross section because of the fast molecular diffusion and surface/volume exchange, and both methods measure an average S for all mesogenic molecules in the sample. However, the predictions that confinement in nanometer porous glass decreases the phase transition temperature T NI and that the changes of the average order parameter in the pores with temperature are continuous at the N-I transition, are well confirmed by our experiments as well as by the previous 2 H-NMR data.
The translational diffusion mediated molecular reorientation in the nematic phase is effective just at the time scale of the NMR experiment, and has dramatic influence on the NMR line shapes This reorientation process cannot be observed in the dielectric spectra. Because of its very low efficiency, it is hidden in the huge low frequency conductivity and Maxwell Wagner contributions.
CONCLUSIONS
Orientational order and dynamic properties of the nematic liquid crystal 5CB confined to the cavities of porous glass (pore size 5nm) have been investigated by means of NMR and broadband dielectric spectroscopy. It could be shown that even in the 5nm random pores, a nematic phase exists with molecular dynamics comparable to the bulk phase The same was confirmed without qualitative changes in 7.5nm and 2.5 nm pores by dielectric measurements [45] .
The transition temperature from the isotropic into the nematic phase is lowered with respect to the free bulk phase, and the onset of nematic order with decreasing temperature is much more gradual than in the bulk. The phase transition is of second or weakly first order. The transition from the mesophase into the crystalline phase is suppressed at least below 220 K. It should be noted that we cannot exclude transitions into a smectic phase at low temperatures, although neither of the methods applied here gives any indication of that.
We describe the nematic order inside the cavities by an average order parameter, including both the molecules in the free volume and in the surface layer. A gradual increase of the average order parameter from zero at the clearing temperature up to 0.7 at 260K has been determined. Our NMR experiments are sensitive mainly to the core order parameter of the mesogens and differences to the chain segmental order parameters have been neglected. The order parameters obtained from the 13 C line shape fit are in good agreement with proton NMR results. Although less sensitive to the nematic order parameter, the dielectric experiments underpin the evidence of a suppressed, smooth N-I transition.
Obviously, the NMR spectra can be fitted satisfactorily with the assumption of one common order parameter for all confined molecules, whereas the dielectric spectra clearly indicate the existence of a two-state system of bulk like and interfacial molecules. Molecular exchange between the layers is therefore expected to be fast on the NMR time scale but slower than or equal to the relaxation rate (II) in the dielectric spectra. In this context, fast on the NMR time scale means exchange rates higher that 10 4 ¦ s. Whereas it is not possible to extract more than the averaged quantities from the NMR data, the dielectric measurements clearly prove the co-existence of a region of free molecules, which obey nearly the same dynamics as the in bulk phase, and a surface layer of partially immobilized molecules. The relaxation rate of the molecules in the surface layer is slowed down by a factor of 30..100 in all phases with respect to the free volume.
In addition, we have incorporated a model for the quantitative calculation of molecular diffusion on the 13 C line shape. The carbon NMR spectra are dominantly influenced by a thermally activated translational diffusion process. At temperatures far below the phase transition region we have determined an activation energy of roughly 60 § 10kJ/mole which is higher than that of the bulk diffusion. Using a typical value for the self-diffusion coefficient of bulk 5CB (D(298K)=5.3 [46] ) and the correlation time determined from the 13 C NMR line shape, we find too large values for the average straight channel lengthsl ¤ % 2Dτ D of the glass pores. However, taking into account that molecular self-diffusion within the highly distorted director field inside the porous material is considerably hindered, we presume the diffusion coefficient to be roughly an order of magnitude smaller than the bulk value. This yields a reasonable straight channel length of 20-30nm. Preliminary NMR field gradient investigations on the system strongly support this assumption [47] .
The combination of dielectric and NMR spectroscopy presented in this paper provides a comprehensive insight into the orientational ordering and dynamic properties of nano-confined nematics. Subsequent investigations will be performed with field gradient NMR to characterize the translational diffusion, and a modification of the pore walls by surface treatment ("lubrication") will reveal a better picture of the liquid crystal-wall interactions. ¦ 2π f 0 with f 0 being the 13 C resonance frequency). The changes in the line shape due to the two parameters (S, τ D ) entering the diffusion model are compared. In Fig. (a) the influence of the molecular motion on the NMR line shape is demonstrated for a typical degree of order S=0.6. With increasing molecular motion (bottom to top) the line shape is averaged towards the isotropic spectrum. In Fig. (b) the changes in the line shape due to variation of the degree of order are demonstrated for a medium characteristic time τ D =10. Fig.(a) indicates the phase transition of the bulk material. The bulk order parameter is given for comparison [48] . In Fig.(b) , the results of the two parameter fits for TU 285K are shown that have been extrapolated to higher temperatures. In the "high" temperature range, only the order parameter S have been fitted whereas the correlation time has been fixed. 
